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Abstract- Impairment of arterial endothelial function
is an early event in atherosclerosis and correlates with the
major risk factors for cardiovascular disease. The most
widely used non-invasive measure of endothelial function
involves the brachial artery (BA) diameter measurement
using ultrasound imaging before and after several minutes
of blood flow occlusion. The change in arterial diameter is
a measure of flow-mediated vasorelaxation (FMVR). The
high variability of results and high cost of instrumentation
render this technique unsuitable for routine clinical use.
We present an instrument we call the “relaxoscope” that
is designed to overcome many obstacles that confine
non-invasive assessment of FMVR to research settings. The
relaxoscope induces an artificial pulse at the superficial
radial artery via a linear actuator. An ultrasonic Doppler
stethoscope detects this pulse 10-20 cm proximal to the point
of pulse induction. The delay between pulse application
and detection provides the pulse transit time (PTT). By
measuring PTT before and after 5 minutes of BA occlusion
and ensuing reactive hyperemia, FMVR may be measured
based on the changes in PTT caused by changes in vessel
caliber, smooth muscle tone and wall thickness. We compare
the results obtained using the relaxoscope with M-mode BA
diameter measurements in human subjects.
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I. INTRODUCTION

Endothelial dysfunction is an important initial event in
atherogenesis [1, 2, 3, 4, 5] and is strongly correlated with
all the major risk factors for cardiovascular disease (CVD)
[6, 7, 8, 9]. In addition, it is one of the earliest predictors of
CVD [6, 10] and coronary events [11]. Also, factors that
are considered beneficial for cardiovascular health, such
as exercise [12], appear to improve endothelial function
[13]. The fact that no assessment of endothelial function
is included as part of the routine medical examination
constitutes a major deficit of current clinical practice, given
the extremely high incidence of CVD among the population
of the Western world.

The most common method for the assessment of
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endothelial function is the measurement of the diameter of
the brachial artery using high-resolution ultrasound before
and after an arterial occlusion of several minutes duration.
The reactive hyperemic flow that ensues once the occlusion
is removed stimulates endothelial cells to release chemical
factors that relax the surrounding vascular smooth muscle.
The change in arterial caliber effected by this mechanism is
termed flow-mediated vasodilation (FMD). The coefficients
of variation of the FMD measurements obtained using
the ultrasound imaging method vary widely from as little
as 1.5% in a few studies to approximately 50% in many
others [14, 15, 16, 17]. Some investigators have considered
FMD values of less than 5% as indicative of endothelial
dysfunction (ED), while others have observed mean FMDs
of more than 5% in cardiovascular disease states. These
statistics suggest that this method of measuring FMD is too
sensitive to differences in methodology to allow its routine
use in a clinical setting.

We present a new instrument, which we refer to as the
“vascular relaxoscope”, for the non-invasive assessment of
flow-mediated vasorelaxation (FMVR), which theoretically
provides a more sensitive measure of endothelium-mediated
vasomotion than do methods that measure FMD. The
relaxoscope measures vasorelaxation via the effect of this
process on the transit time of an artifical pulse through a
segment of an artery. Figure 1 illustrates this schematically.

Many techniques for PTT and PWV measurement have
been presented in the past [18, p. 102-106]. Most rely
on calculating the time delay between the rising edges of
individual natural pulse pressure or flow waves as they
pass two points along the propagation path. Non-linear
viscoelastic properties of arterial walls introduce dispersion:
different frequency components of the pulse or flow wave
travel at different speeds. Also, pulse pressure affects transit
speed. Both of these factors lead to the high variability of the
measurements obtained.

Anliker et al. studied the canine aorta by introducing
artificial pulse waves through insertion of a vibrating
device within the artery. Traveling waves were detected
using an intra-arterial pressure transducer. Measurements
characterized by greater accuracy and repeatability than
those derived from the natural pulse wave were obtained
[19]. This may be attributed to the well-defined nature, and
low amplitude of the induced pulses. Landowne performed
similar invasive measurements in the human forearm. An
armature within a solenoid delivered mechanical pulses to
the radial artery, and resultant pressure waves were measured
proximal to the site of administration using an intra-arterial



Figure 1: The transit time of an artificial pulse is dependent on the
state of relaxation of the arterial wall. The relaxoscope measures
this PTT.

catheter transducer [20]. The relaxoscope, which we now
describe, performs this measurement non-invasively.

II. INSTRUMENT DESIGN

The current prototype of the relaxoscope appears
in Figure 2. The instrument employs a force-feedback
controlled linear motor (Baldor Electric Co., Fort Smith,
AR), the actuating stem of which makes contact with
the skin to introduce an artificial pulse at the superficial
segment of the radial artery. An applanation tonometer
(Millar Instruments Inc., Houston TX) at the free end of the
stem senses the applied force. This allows for closed-loop
control of the force waveform and accommodates different
lateral positions of the wrist of the subject. An analog PID
controller is employed for this purpose.

Several centimeters proximal to the site of pulse
introduction, an 8 MHz continuous wave Doppler ultrasonic
stethoscope records the incident flow waves produced by
these pulses. In this way, the arterial pulse transit time (PTT)
is measured, and the pulse wave velocity (PWV) estimated
when the distance between the actuator and and ultrasonic
sensor is known. PTT measurements are taken during
diastole when interference between natural and induced
pulses is least significant.

By applying a constant force input signal, the relaxoscope
can be used to conveniently acquire the pulse pressure
waveform of the subject.

The relaxoscope includes actuator rate limiting as a
safety feature. Actuator position is measured using a linear
variable differential transformer mounted on the motor

armature. An analog differentiator and comparator limit the
maximum speed of the armature.

The force input, motor control, ultrasound audio, force
applied and position signals are simultaneously recorded
using a multifunction data acquisition card (NI-PCI 6035E,
National Instruments Corp, Austin TX) at a sampling rate of
10kHz per channel.

Figure 2: A subject’s arm is shown positioned on the relaxoscope
platform. The artificial pulse is applied by the force-sensing
actuator stem tip at (A). The stem is driven by linear motor (B) and
actuator displacement is measured using linear variable differential
transformer (C). Induced flow velocities are recorded using Doppler
stethoscope (D).

At present, PTT measurements are obtained manually by
marking the rising edge of the induced force pulse (applied
at point A in Figure 2) and the first flow signal corresponding
to the arrival of the artificial pulse at the ultrasonic transducer
(D). A typical set of acquired waveforms is shown in Figure
3.

III. EVALUATION OF ARTERIAL ENDOTHELIAL

FUNCTION

To determine how vasorelaxation can be measured via
PTT, we refer to the Moens-Korteweg equation, which
describes with reasonable accuracy the relationship between
PWV and arterial dimensions and material properties:

1

PTT
= c =

√

Eh

2ρR
(1)

where c is the PWV, E is the Young’s modulus of the arterial
wall, h is the wall thickness, ρ is the blood density and R

represents the arterial radius [21, p. 91]. As R increases
owing to endothelium-mediated smooth muscle relaxation,
the PWV decreases. Also, relaxation of vascular smooth
muscle reduces E and the wall thickness h, and hence c [18,
p. 100-101]. Thus, the greater the drop in PWV between
preocclusion and postocclusion measurements, the more
robust the endothelium-mediated dilation response.

IV. PRELIMINARY EVALUATION OF THE

RELAXOSCOPE IN HUMAN SUBJECTS

The relaxoscope is currently undergoing a preliminary
evaluation in which measurements of reactive hyperemia-
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Figure 3: The five recorded waveforms from the relaxoscope are
plotted here versus time. The first plot shows the force control input
which is a 3 Hz square-wave. A controller produces a control signal
that is amplified and fed to the motor (fifth plot), so that the force
applied to the radial artery (second plot) tracks the control input.
As soon as the force waveform rises, the actuator tip is exerting
pressure on the artery. The induced pulse travels through the artery,
and the rising (earliest arriving) signal is shown in the third plot of
the Doppler ultrasound signal at the stethoscope. The rising edge of
the force pulse and that of the ultrasound signal are marked, and a
delay of 11.24 ms is calculated. Note the natural pulse signal that
occurs between 2.55 and 2.75 seconds. It is coincident with the
artificial pulse induced as the actuator withdrew on the previous
cycle of the control input waveform. The sixth plot is the sonogram
of the ultrasound signal

induced changes in PTT (assumed to correlate with
flow-mediated vasorelaxation and hence FMD) are
compared to results obtained using the present gold standard:
measurements of pre- and posthyperemic arterial diameter
variation derived from B-mode images and/or M-mode
arterial wall echo-tracking data. The evaluation protocol,
consists of two procedures. Procedure A involves evaluation
of flow-mediated vasorelaxation (FMVR) in the left arm of
subjects, while Procedure B consists of a standard FMD
assessment in the right arm. Both procedures utilize a 5
minute occlusion of the brachial artery in order to induce
reactive hyperemia.

The two procedures are carried out sequentially in
random order on the same individual. Procedures A and B
are performed with a maximum interval of one hour between
the procedures.

Procedure B employs an M-mode wall echo-tracking
diameter measurement system (Wall Track System II, Pie
Medical, Maastricht, Netherlands).

V. RESULTS

The results of a single study appear in Figure 4. These
data were obtained from a 30 year old male.
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Figure 4: Upon cuff release at t = 5 minutes, after a five minute
occlusion, PTT rises markedly compared to baseline. It then
begins to decrease. A similarity between the time-courses of the
PTT (measured using Procedure A) and brachial artery diameter
(measured in Procedure B) is apparent.

Similar response time courses have been observed among
the five subjects evaluated so far in this ongoing preliminary
study. Figure 5 illustrates the maximum percentage changes
in diameter and PTT for five subjects.
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Figure 5: Maximum percentage changes in diameter (left) and PTT
(right) after restoration of flow after 5 minutes of occlusion in 5
subjects.

VI. DISCUSSION

The relaxoscope has the potential to offer a simple low-
cost means of non-invasive evaluation of endothelial function
that is more sensitive than methods based on brachial artery
diameter measurements.

The current human subject evaluation protocol is
insufficient to decisively demonstrate the performance of



the relaxoscope. It is especially difficult to evaluate the
sensitivity of the relaxoscope to FMVR through comparison
with brachial artery diameter measurement owing to the high
variability of the latter technique and the unknown variability
of the relaxoscope PTT estimate. A protocol involving the
administration of agents such as sodium nitroprusside or
nitroglycerin that are known to relax arterial walls would be
a more effective approach. However, among the five young
subjects examined so far under the present protocol, all
exhibited increased posthyperemic PTT. This is suggestive
of intact endothelial function typical of individuals with no
cardiovascular risk factors in this age group. Repeatability
studies are required to reinforce these observations, but they
are consistent with the underlying physics of vasorelaxation.

In contrast to ultrasonic imaging methods, the
relaxoscope does not require precise transducer positioning
and the attendant skills of an experienced ultrasound
technician. This greater ease of use reduces the significant
measurement error that is easily introduced into FMD
measurements by slight movements of the subject under
examination. The relaxoscope may also be manufactured for
under $5,000, or approximately one fifteenth of the cost of
an ultrasonic imager.
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